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1. Introduction. — The function of the auditory sense is to detect sounds 
of various kinds and wave shapes varying over a range of pressure on the 
ear drum of from about .001 dyne to 1,000 dynes and over a considerable 
part of this range to differentiate with certainty between complex sounds 
so nearly alike that no existing physical apparatus can separate them. 
The binaural feature adds a sense of orientation with respect to a source 
and uniform sensitivity for sounds approaching from different directions. 
The abnormal auditory sense may be regarded as lacking more or less in 
(a) range of sensation (frequency and intensity) ; (6) quality of sensation 
in various regions of the range; (c) the binaural sense. Apparatus and 
methods have been developed by means of which the outstanding elements 
of these functions can be measured and to a limited extent compensated for. 

In a sense this paper prefaces a more detailed discussion of the audio- 
metrical and pathological phases of abnormal hearing which will be pre- 
sented next week by Dr. B- P. Fowler and the author before meetings of 
the American Otological Society and the American Rhinological, Laryngo- 
logical, and Otological Society. 

2. Minimum Audibility. — Figure 1 shows a plot of the minimum audible 
pressure on the average of 72 normal ears taken throughout a range of 
frequency of from 60 to 4,000 cycles. Both the intensity and frequency 
scales are logarithmic. This curve has already been published (The 
Frequency Sensitivity of Normal Ears, by H. Fletcher and R. L> Wegel, 
these Proceedings, January, 1922, and in the Physical Review). Although 
all skew errors in the determination of the average curve have not been 
eliminated, an investigation has shown that they are so small as not to 
effect the utility of the curve for the purpose of measuring deafness. Among 
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the errors which obviously tend to raise this curve might be mentioned — 
lack of attention, low mentality of the observer, noise in the observing 
room, and abnormality of hearing. Care was taken to reduce all these 
errors to a minimum without actually making separate quantitative meas- 
urements of them on a rigorous statistical basis. 




AUDITORY SENSATION AREAS 



The statistical deviation from the mean varies irregularly with frequency 
very likely due mostly to the external anatomical variations which cause 
deviations in the dynamical constants of the transmission system from 
sound source to the ear drum. The dotted lines following the curve of 
minimum audibility represent approximately the "standard deviation." 

3. Maximum Audibility. — The curve marked "Maximum audibility" 
represents the pressure on the average of 48 normal ears required to pro- 
duce the sensation of feeling. A sound much louder than this is painful. 
The measurements were taken through a range of from 60 to 3,000 cycles. 
The standard deviation lines are also given from which it will be seen that 
this curve is quite as definite as that of minimum audibility. While this 
point of feeling probably has no relation to the auditory sense it does 
serve as a practical limit to the range of auditory sensation. A few ob- 
servations indicate that people with abnormal ears have a point of feeling 
sound which is not greatly different from that of normal ears, but this 
of course depends on the type of abnormality. The intensity for feeling 
is about equal to that required to excite the tactile nerves in the finger 
tips. 

4. Lower and Upper Frequency Limits of Hearing. — The curves of mini- 
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mum audibility in figure 1 will be seen to have been extrapolated to the 
points of intersection at high and low frequencies. The feeling sensation 
in the middle range of frequency is first a tickling sensation and then be- 
comes acutely painful as the loudness is increased. As the frequency is 
decreased the sensation of feeling becomes milder until at frequencies 
around 60 cycles it is sensible as a flutter, but still quite different from 
the sense of audition. As the frequency is still further decreased to a 
point where the hearing and feeling lines appear to intersect, it is difficult 
to distinguish between the sense of hearing and that of feeling. The 
low point of intersection of two normal curves of minimum audibility 
and feeling sense may therefore be taken arbitrarily as the lower tone 
limit of audibility. For frequencies lower than this it is easier to feel than 
to hear the air vibration. For any one individual this point cannot be 
determined with accuracy on account of the variation in judgment, but 
can be determined by extrapolation. A similar intersection of the two 
curves occurs at some very high frequency. The extrapolation upward 
of the curve of minimum audibility is consistent with some recent ob- 
servations of Mr. C. E. Eane of the University of Iowa. This work will 
be published shortly in the Physical Review. 

This gives a rational way of defining the two frequency limits of audi- 
bility and suggest a method of making an accurate determination of them. 
Measurements of these limits which have been made in the past are ques- 
tionable because the intensity factor has been neglected. At the lower 
limit of audibility the excursions of the diaphragm and ossicles of the 
middle ear are probably so large that the nerves feeding these movable 
parts are stimulated and therefore the measurements at very low frequen- 
cies probably give data related to the pathological condition of the appa- 
ratus of the middle ear and this independently of the stimulation of the 
auditory nerve. This point is probably related to the tests on flexibility 
of the ear drum due to the application of air pressure as observed by otol- 
ogists in examinations. Otologists usually associate loss of sensitivity 
at low frequencies with obstructive deafness if there is no loss at high 
frequencies. 

5. Sensation Area. — From the combined standpoint of utility and logic 
the logarithmic relation between stimulus (pressure variation) and sensa- 
tion can be assumed. The elliptical area between the two curves may 
then be taken to represent an area of sensation which is characteristic of 
the normal ear. Any point within this area represents a definite auditory 
sensation in frequency and intensity. 

An abnormal ear may be regarded as having an area of sensation which 
is smaller than the normal area but included within it. Figure 2 is a 
plot of the minimum audibility of the right and left ears for a man (CHK) 
suffering from a catarrhal deafness. The area between this curve of mini- 



158 



PHYSICS: R. L. WEGEL 



Proc. N. A. S. 



mum audibility and the curve of feeling is his area of sensation. The 
area of sensation which is most utilized in the interpretation of speech 
is represented approximately by the shaded area in figures 1 and 2. (See 
"Analysis of the Energy Distribution in Speech," I. B. Crandall and D. 
MacKenzie, Phys. Rev., Mar. 1922.) It will be seen that CHK retains 
about 50 or 60% of the normal amount of sensation. He hears and inter- 
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prets conversation with some difficulty. The CHK curves pass through 
the speech area. In order to make him hear well, the speech area must 
be raised to a higher level of intensity or loudness as indicated by the 
dotted curve. 

6. Importance of Various Intensities in Speech. — It is interesting to specu- 
late on how CHK interprets speech. It has been shown (H. Fletcher at 
Franklin Institute meeting Mar. 30, 1922) that the intensity of speech 
may be varied over perhaps 70-80% of the range of sensation without 
serious loss of intelligibility to the normal ear. As the sound intensity 
is decreased, the intelligibility drops very suddenly to zero at minimum 
audibility. A similar drop is to be expected at an intensity so loud as 
to be painful. It is evident therefore, that the range throughout which 
speech is intelligible for CHK is very considerably limited as compared 
to normal. It is possible to design a deaf set which increases the intensity 
of the principal speech region to any desired place within the abnormal 
sensation area and so in a measure compensate for this narrowed range. 

The region in figure 2 marked "Region of Lesser Importance in Con- 
versation" corresponds to stimuli in conversation of lesser energy content 
such as the minor shadings and fainter consonant sounds. While it is 
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physically possible to produce an amplification of speech so that this region 
is raised into the diminished area it is impracticable to do so because of 
the pain which would be caused by the louder components. A diminu- 
tion in sensation area can therefore be only partially compensated for. 
In case the area is extremely narrow a deaf set furnishing optimum volume 
can only serve as an aid to lip reading. 

7. Quality of Hearing. — The sensation of a normal ear at any point in 
the auditory sense range (figure 1) may be described by any number of 
different adjectives, such as for example, "clear," "musical," "even," 
"sustained," "smooth," "pure," etc. Such a description may in fact be 
taken as a reasonable indication that the quality of sensation at the point 
in question is normal. Abnormal ears sometimes experience a subjective 
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•degeneration of quality of pure stimuli which they describe as "rough," 
"harsh," "sharp," "buzzing," "vibrating," "hissing," etc. These sounds 
;are independent of any tinnitus or head noises which the patient may have. 
Figure 3 shows various regions of the sensation area which are degenerated 
in the case of CHK. The shaded area was not explored. The boundaries 
of the degenerated regions are usually more sharply marked than those 
of minimum audibility and the sensations in these areas are so radically 
different from the sensation of a pure tone that it is with difficulty that 
the patient is convinced that the stimulation is the same pure tone to which 
he has been listening at the other intensities. The subject of these tests 
is a violinist and capable of better descriptions and finer distinctions than 
^average. 
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Since all speech sounds may be considered as stimuli composted of 
various frequency components of certain intensities the sensation caused 
by such a sound may be represented on this plot by points, or by a line 
running provided the sound has a band spectrum. If the points or line 
falls within the sensation area the sound is audible. It is easy to see that 
if the points or the part of the line which represent those frequency com- 
ponents most essential to interpretation of the sound, fall within any of 
these abnormal areas, the sound is very likely to be misinterpreted. This 
adds a further source of loss in articulation to that already observed due 
to a narrowing of the sensation range. 

Many practically normal ears have very small abnormal areas. They 
have always been found near minimum audibility and therefore have little 
influence on the hearing of the individual. They seem to be associated 
with catarrhal conditions although this cannot be stated positively. 

8. Binaural Sense. — The normal individual has learned to interpret 
the differential sensations of the two ears to an advantage. It helps him 
to locate the direction from which sounds come, to have a sort of sense of 
orientation with respect to sounds approaching from different directions, 
and whether for physical or for purely psychological reasons to assist in 
focusing of the attention on one sound of a large number. Two ears also 
assist the individual in perceiving equally well sounds coming from differ- 
ent directions. When one ear becomes insensitive even though the loss 
is small, the use of the binaural sense disappears and after a time is not 
missed. For the binaural sense to be most effectively utilized it is neces- 
sary that the ears be very nearly alike. In many cases of deafness one 
ear is much more deaf than the other and the subject does not utilize the 
binaural sense. When a binaural deaf set is made and fitted to a person 
with compensating sensitivity for the two ears so that both hear the sounds 
equally loud, the sensation is usually so novel, that if the patient is actually 
able to experience a binaural sensation he is very much pleased. Usually, 
however, he has not used his binaural sense for so long a time that it takes 
a considerable amount of practice before he is able to have binaural ex- 
periences. It may be noted in this connection that the same experience 
is encountered in fitting the eyes with glasses. It is found that people 
with two eyes which are slightly different do not see stereoscopically but 
if glasses are made so as to compensate and make the eyes nearly alike it 
usually takes a certain time of practice before the sense of perspective can 
be brought back. 

An audiometer similar to the one used in the measurements recorded 
and a binaural deaf set have been set up here for inspection. 



